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Fermentation, the microbial degradation of organic com-
pounds without net oxidation, is an important process in the
global carbon cycle and is also exploited worldwide for the
production and preservation of food. It is one of the oldest
food-processing technologies known, with some records dating
back to 6,000 B.C. (50). The link between food and microbiol-
ogy was laid by Pasteur, who found that yeasts were responsible
for alcoholic fermentation (106). Since that discovery, scientific
and industrial interests in food microbiology started to grow
and continue to increase today. The number of food products
that rely on fermentation in one or more steps of their pro-
duction is tremendous. They form an important constituent of
the daily diet and rank among the most innovative product
categories in the food industry.
Most of the important microorganisms applied in the pro-
duction of fermented foods have been studied for decades,
yielding a wealth of information on their physiology and ge-
netics in relation to product functionalities, such as the devel-
opment of flavor, taste, and texture. The recent emergence of
genomics has opened new avenues for the systematic analysis
of microbial metabolism and the responses of microorganisms
to their environment. Additionally, genomics has boosted re-
search on important food microbes (22, 90, 93). Much of this
research focuses on the performance of a single strain, includ-
ing its interactions with the food matrix. However, food fer-
mentations are typically carried out by mixed cultures consist-
ing of multiple strains or species. Population dynamics play a
crucial role in the performance of mixed-culture fermenta-
tions, and for many years, studies on mixed-culture food fer-
mentations have focused on analyzing population dynamics
using classical and molecular methods. Many of these studies
are mainly descriptive, and relatively little is known about the
mechanisms governing population dynamics in general and the
molecular interactions that occur between the consortium
members in particular. The availability of genome sequences
for several species that are of industrial importance as well as
technological advances in functional genomics enable new ap-
proaches to study food microbiology beyond the single species
level and allow an integral analysis of the interactions and
metabolic activity in mixed cultures.
Here we review the current knowledge on important food
fermentation processes, focusing on the bacterial interactions.
In addition, we illustrate how genomics approaches may con-
tribute to the elucidation of the interaction networks between
microbes, including interactions with the food environment.
This information may find application in the industry through




Traditional fermentation processes relied on the transfer of
knowledge and methodologies associated with manufacturing
from generation to generation. The industrialization of food
production together with the blossoming of microbiology in the
middle of the 19th century led to the optimization and upscal-
ing of many fermentation processes. Similarly, industrially pro-
duced starter cultures have emerged, leading to improved and
reproducible product quality. Nowadays, the total economic
value of fermented food products is huge, and the worldwide
turnover of fermented fresh products in the dairy segment
alone represents a total annual economic value of $54.2 billion
(including yogurt [$34 billion], fermented dairy drinks [$4.3
billion], and fromage frais and quark [$7.4 billion]), whereas
the cheese market is even larger ($74.4 billion) (111). In recent
years, there has been massive product diversification, and
many prebiotic and probiotic products with a high added value
have emerged. Simultaneously, artisanal products have gained
popularity due to their particular flavor and aroma character-
istics (23).
At least two distinct product categories can be distinguished
in which control of mixed-culture performance directly relates
to the key challenges of innovators in the food industry. The
first relates to the dairy market, which includes important
products such as cheese and fermented milks. This market is
characterized by the rapid growth of product varieties with
distinct organoleptic properties. Examples include numerous
applications in semihard cheeses, where adjunct cultures are
added to introduce additional flavor notes (49, 114). Addition-
ally, there is an increasing number of products appearing in
response to current health trends, such as low-fat and low-salt
product varieties (46). Here, it is important to develop such
products while maintaining good organoleptic properties. In
low-fat cheese, texture may be improved by the application of
exopolysaccharide (EPS)-producing starter cultures (34). In
fermented milks and yogurts containing probiotic microbes,
off-flavor problems may appear due to undesired metabolic
activities (99, 152). Furthermore, the success of the replace-
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ment or addition of the desired probiotic strain in mixed-
culture fermentation may largely depend on the interaction of
this strain with the other strains in the starter culture (64). In
general, high numbers of viable probiotic bacteria are desired
in these products at the moment of consumption. Typically
between 5 and 8 logs CFU per gram of product is considered
acceptable (99). Therefore, the growth, survival, and activity of
the probiotic strain in the product environment are of key
importance, and these traits are influenced both by specific
environmental conditions (35, 152) and by interactions with
the starter organisms (72, 99).
A second important product category is formed by food
ingredients. Fermentation is widely applied to produce a broad
range of ingredients, such as amino acids and organic acids.
Some of these fermentations are carried out with mixed cul-
tures (54, 155). Challenges in this area include improvement of
productivity and stability and the elimination of unwanted by-
products that interfere with downstream processing. More-
over, such processes may become economically more attractive
if cheaper raw substrates can be used with new (combinations
of) strains. An example here is the improved production of
lactic acid from glucose by a mixed culture of Lactobacillus
delbrueckii NRRL-B445 and Lactobacillus helveticus NRRL-
B1937, of which the first is a good lactate producer and stim-
ulated by the latter (86). Another example deals with a Sac-
charomyces cerevisiae strain that was engineered with
L-arabinose utilization genes from Lactobacillus plantarum, al-
lowing it to utilize the L-arabinose moiety of lignocellulosic
fractions of plant-derived biomass (174).
Finally, we are seeing a rapid increase in the industrializa-
tion of non-Western fermented food products in Asia, Latin
America, and Africa (2, 144). As a result of demographic
changes in Europe, such products are also of increasing im-
portance in the Western market, especially since some are
believed to bring specific health benefits (48, 113). Examples
include fermented products produced from dairy, cassava, ce-
reals, beans, meat, and fish (7, 167). The challenges here relate
to the stability, reproducibility, and productivity of fermenta-
tions.
MIXED CULTURES VERSUS PURE CULTURES—
ECOLOGICAL CONSIDERATIONS
With few exceptions, food fermentations rely on mixed cul-
tures of microorganisms. There are a number of important
considerations that are at the basis of the ecological success of
mixed cultures, and these will be discussed in this section.
Microorganisms evolve to optimize their fitness, and this is
often achieved by specialization, e.g., optimization of their
metabolism. This is exemplified in a number of elegant exper-
imental evolution studies with Escherichia coli in well-defined
and homogeneous laboratory systems. In one study in a con-
tinuous culture sequentially fed with glucose and acetate, this
organism differentiated into two ecotypes that displayed a
large difference in lag phase when switching to growth on
acetate after the depletion of glucose (142). Another example
with E. coli is that a single strain cultured for a prolonged
period with glucose limitation diverged into two or three clonal
variants in which one variant ferments the glucose and the
fermentation products, acetate and glycerol, serve as growth
substrates for the other strains (65, 132).
Most substrates for food fermentations have a highly hetero-
geneous physicochemical composition which offers the possi-
bility for the simultaneous occupation of multiple niches by
“specialized” strains, for instance, through the utilization of
different carbon sources. In these substrates, coexisting strains
often interact through trophic or nutritional relations via mul-
tiple mechanisms, as will be discussed below.
Many food fermentations rely on spontaneous fermentation
by the indigenous microbiota present in the food substrate.
This implies that variations in the indigenous biota may affect
the composition and activity of the fermenting community.
This has a direct effect on product quality and the reproduc-
ibility of fermentations. A recent study showed large variations
in the flavor and texture profiles of cheddar blocks produced at
different factories (24). This is at least partially due to varia-
tions in proteolysis in the cheddar blocks. The application of
starter cultures reduces the chance of unexpected population
shifts and thereby ensures constant product characteristics and
quality. Moreover, in combination with sterilization or pasteur-
ization, it allows the food to be fermented by species or strains
that would be outcompeted otherwise.
CLASSIFYING INTERACTIONS ON THE BASIS OF
MUTUALLY BENEFICIAL AND DETRIMENTAL
EFFECTS ON FITNESS
Microbial interactions in mixed cultures occur via multiple
mechanisms. Such interactions may be direct, such as through
physical contact, or via signaling molecules. Alternatively, in-
direct interactions may occur where changes in the physico-
chemical properties of the environment induced by one strain
trigger a response in another strain (21, 51). The effects of such
interactions on the fitness of the strains involved may either be
positive, neutral, or negative. The mutual effects on fitness of
interacting strains are an effective means of classifying inter-
actions (68). These can be divided into five main classes—
amensalism, competition, commensalism, parasitism, and mu-
tualism—all of which will be discussed below and illustrated
with relevant examples from food fermentations (Table 1).
Amensalism is an interspecies interaction in which one or-
ganism adversely affects the other organism without being af-
fected itself. It frequently occurs in food fermentations since
the major end products of primary metabolism such as carbox-
ylic acids and alcohols are effective growth inhibitors of indig-
enous microbiota and spoilage organisms (23, 89). In fact,
metabolism by lactic acid bacteria (LAB) is optimized for fast
acid production rather than efficient growth (158). Another
example is the production of antimicrobial compounds, such as
bacteriocins, that are produced by many food-fermenting LAB
and that play an important role in mixed-culture population
dynamics. Typically, bacteriocin-producing strains produce a
dedicated immunity system that protects the host from detri-
mental effects. Lantibiotics, a special class of bacteriocins pro-
duced by LAB and other gram-positives, have drawn specific
attention. Nisin is a well-known lantibiotic produced by Lac-
tococcus lactis and broadly applied as a food preservative. Its
activity is based on the permeabilization of the cytoplasmic
membrane, leading to its depolarization (47, 70). Other potent
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bacteriocins include plantaricin and pediocin, which are widely
distributed among L. plantarum and pediococci, respectively
(41, 172). The broad activity spectrum of bacteriocins has been
exploited for the inhibition of the outgrowth of spoilage mi-
crobes and pathogens (4, 91).
The second class of interactions is competition. Microorgan-
isms compete for energy sources and nutrients during fermen-
tation. Carbon sources are often present in high concentrations
in food substrates, and competition therefore relates to the
rapid uptake of nutrients and conversion into biomass. In dairy
fermentations, nitrogen is limiting, and here organisms initially
compete for the free amino acids and small peptides available
in milk. In the later stages of fermentation, they compete for
the peptides released by the actions of proteolytic enzymes.
For this, they produce proteases, transport systems, and pep-
tidases. Growth rate and population dynamics in mixed dairy
fermentations are largely determined by the ability to utilize
amino acids efficiently (73, 75). Micronutrients such as iron
have also been reported to be limiting for strains in the biota
of smear cheeses. Strains compete for iron pools through the
use of specialized molecular systems for harvesting iron, in-
cluding siderophores (109).
Commensalism is the third class of interactions. This is a
situation in which one organism benefits from the interaction
while the other strain is not affected. This also occurs in many
food fermentations, for instance, through trophic interactions.
In Swiss-type cheeses, propionic acid bacteria utilize the lactic
acid produced by starter LAB (28). Similarly, in surface-rip-
ened cheeses, lactic acid is consumed by yeasts, in particular
Debaryomyces hansenii, and by the filamentous fungus Geotri-
chum candidum (107). This leads to the deacidification of the
cheese surface, enabling the outgrowth of aerobic bacteria
such as Arthrobacter species, Brevibacterium linens, Corynebac-
terium ammoniagenes, and staphylococci. One could argue that
in this case, the aerobic bacteria benefit while D. hansenii and
G. candidum are unaffected. However, it may be difficult to
TABLE 1. Microbial (interspecies) interactions observed during food fermentations and in the fermented products
Type of interaction and product
or environment Organisms involved Reference(s)
Mutualism
Yogurt S. thermophilus, L. delbrueckii subsp. bulgaricus 1, 31–33, 43, 53, 66, 119, 140,
151, 154, 163, 179
Dairy LAB 108, 153
Cold milk Lactococcus lactis subsp. cremoris, Pseudomonas fluorescens 80
Dairy, sourdough, laboratory
medium
LAB, yeasts, fungi 26, 108, 137
Milk LAB, yeasts 52, 108
Sourdough Saccharomyces exiguous, Candida humilis, Lactobacillus
sanfranciscensis
39, 56, 57
Surface-ripened cheese Different species of molds, yeasts, and bacteria 30
Amensalism
Dairy, vegetable broth LAB, Listeria monocytogenes, pseudomonads, Staphylococcus sp.,
Yersinia sp., Bacillus sp.




LAB, Escherichia coli, Aspergillus spp., Enterobacter sp., Listeria
monocytogenes, Vibrio sp., Salmonella sp.
10, 11, 16, 25, 55, 63, 77, 92,
94, 95, 103, 115, 148, 159
Wine Lactobacillus hilgardii, Pediococcus pentosaceus 94, 131
Yogurt S. thermophilus, L. delbrueckii subsp. bulgaricus 71, 117, 127, 179
Meat LAB, Listeria monocytogenes 13
Wine Malolactic bacteria, yeasts 3
Surface-ripened cheese Lactobacillus plantarum, Listeria monocytogenes 91
Lettuce LAB, Listeria monocytogenes 4
Commensalism
Dairy LAB 108, 153, 175
Yogurt S. thermophilus, L. delbrueckii subsp. bulgaricus, propionibacteria 175
Yogurt, dairy LAB, propionibacteria 28, 175
Milk LAB, yeasts 52, 108
Wine Malolactic bacteria, yeasts 3
Surface-ripened cheese LAB, Debaryomyces hansenii, Geotrichum candidum,
Arthrobacter sp., Brevibacterium linens, Corynebacterium
ammoniagenes, staphylococci
107
Laboratory medium Yeasts, Bacterium linens 124
Fermented milks, yogurt, cheeses Yeasts, bacteria 165
Competition
Yogurt S. thermophilus, L. delbrueckii subsp. bulgaricus 105, 179
Dairy LAB, yeasts 52, 108
Parasitism
Laboratory medium Bacterium, phage 29, 137
Milk Bacterium, phage 20, 145
Aquatic environments Bacterium, phage 169, 170
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prove that there is no effect if it cannot be measured in terms
of growth or survival. Another possible form of commensalism
takes place in starters for Gouda cheese, where PrtP L. lactis
strains benefit from the peptides that are released from milk
protein through the action of extracellular proteases (PrtP)
produced by PrtP strains (69, 74) while the PrtP strains do
not seem directly affected. In milk, PrtP strains produce more
biomass than their isogenic PrtP variants lacking plasmids
containing the protease gene, but growth is slower due to the
cost of expressing this protease (173). In pure cultures of PrtP
strains grown in milk, PrtP variants rapidly occur. The out-
come of the long-term propagation of PrtP and PrtP strains
in a protein-containing medium like milk is that the strain that
makes the least use of the resources in the medium, namely,
the PrtP strain, will become dominant. In this case, the im-
mediate gain for the PrtP strain is traded for the long-term
community benefit. This particular example is also known as
the “prisoner’s dilemma” in evolutionary game theory (6, 120).
The population dynamics of PrtP and PrtP isolates are
highly dependent on the growth conditions that influence the
costs and benefits of the proteolytic phenotype (69).
The fourth class of interactions is known as parasitism. Par-
asitism is the interaction in which one species benefits at the
expense of another. A well-known example of parasitism in the
microbial world is represented by bacteriophages. It is well
established that food fermentations, especially those repeat-
edly carried out with the same equipment, are highly vulnera-
ble to phages. Phage attack may suddenly inactivate dominant
strains in a fermenting culture, leading to failure and product
losses in industrial fermentations (145). In recent years, our
understanding of phage biology and the interactions of phages
with their hosts has increased significantly. The biology of
bacteriophages has been studied extensively for LAB such as
L. lactis and Streptococcus thermophilus (20, 145). This work
has benefited much from genome sequencing efforts, as, for
instance, the genomes of at least seven phages specific for S.
thermophilus have been sequenced (146). The diversity and fast
evolution of phages typically result in the appearance of strains
harboring different phage resistance phenotypes (170). More-
over, the recombination machinery of bacteriophages and their
ability to transfer DNA from one bacterial cell to another may
accelerate evolutionary processes in bacterial communities and
contribute to the diversity in mixed-culture fermentation pro-
cesses, especially when back slopping, the sequential transfer
of cultures to fresh medium, is applied (169, 170). Recent
studies showed a thus-far-unknown system present in archaea
and bacteria, among which is S. thermophilus, that is involved
in phage resistance (12, 38). In this clustered regularly in-
terspaced short-palindromic-repeat system, bacteria acquire
resistance to phages by incorporating phage-specific short tran-
scribed nucleotide sequences into regions of clustered regu-
larly interspaced short palindromic repeats. It was shown that
these regions evolve very rapidly, probably driven by the rapid
evolution of phages (161).
Finally, during mutualism, both participating microorgan-
isms derive a benefit from the interaction. Many food fermen-
tations rely on mutualistic interactions. Probably the best ex-
ample is the yogurt consortium, consisting of the LAB S.
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus,
which will be discussed in detail in the next section. The inter-
actions among yogurt bacteria are also often referred to as
synergism or protocooperation, interactions in which enhanced
growth rate is the main mutual benefit. Cultures consisting of
yeasts, LAB, and filamentous fungi are of key importance in a
broad range of fermented foods in which mutualism is an
important mode of interaction. For instance, in kefir granules
S. cerevisiae raises the pH by utilizing the lactic acid produced
by Lactobacillus kefiranofaciens as the carbon source enabling
more growth of L. kefiranofaciens (26). In sourdough fermen-
tation, there is a synergistic interaction between yeasts such as
Saccharomyces exiguous or Candida humilis and LAB, espe-
cially Lactobacillus sanfranciscensis (56, 57). Yeast amylase
releases maltose from starch which is fermented by L. sanfran-
ciscensis. Part of the glucose derived from maltose is excreted
by L. sanfranciscensis and is used as a carbon source by mal-
tose-negative yeasts. In return, the yeasts stimulate the growth
of L. sanfranciscensis by increasing the availability of amino
acids and peptides, either through proteolysis or as a conse-
quence of accelerated autolysis (39, 56). In wine, the interac-
tions between yeasts and LAB also play a major role, and these
have been reviewed recently by Alexandre et al. (3).
YOGURT CULTURES—THE MIXED-CULTURE
PARADIGM IN FOOD FERMENTATION
Yogurt is the product of milk fermented by a defined mixed
culture of two thermophilic LAB, Streptococcus thermophilus
(15) and Lactobacillus delbrueckii subsp. bulgaricus (93, 163).
There are also many fermented milk products that contain only
one or neither of these strains, but in several countries, the
name yogurt is only allowed for those products that are pro-
duced with cultures containing both (82, 151, 179). Nowadays,
many yogurts and yogurt-based drinks are produced that con-
tain probiotic strains, but these do not necessarily contribute to
the fermentation. This mixed-culture fermentation is of huge
economic importance. It represents an attractive model system
for research on interactions due to its relatively small complex-
ity. Some aspects of yogurt microbiology have already been
reviewed elsewhere (23, 62, 151, 179). Here we present an
updated review of a comparative analysis with other mixed-
culture food fermentations.
Although S. thermophilus and L. delbrueckii subsp. bulgaricus
are also able to ferment milk individually, both species were
found to be stimulated in growth and acid production in mixed
cultures compared to in single-strain cultures (119). Proteolysis
plays an important role in yogurt as is illustrated by the growth
of proteolytic S. thermophilus strains in milk (88). After inoc-
ulation, the cells start growing exponentially using the amino
acids, dipeptides, tripeptides, and oligopeptides that are freely
available. Subsequently, amino acids become limiting, and the
culture enters into a nonexponential growth phase in which the
synthesis of extracellular protease is initiated. Finally, in a sec-
ond exponential phase, the proteolytic system is able to supply
sufficient peptides for exponential growth, but here the growth
rate is lower than in the first exponential phase, probably due to
a limited capacity of the peptide uptake system (88).
Most commonly, yogurt cultures consist of proteolytic L.
delbrueckii subsp. bulgaricus and nonproteolytic S. thermophilus
(32, 119). During the first exponential phase of S. thermophilus,
almost no growth of L. delbrueckii subsp. bulgaricus is ob-
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served. In the second phase, S. thermophilus growth decreases
while L. delbrueckii subsp. bulgaricus starts to grow exponen-
tially and protease expression is initiated. The cell-wall an-
chored protease PrtB mainly catalyzes the hydrolysis of the
hydrophobic caseins into small peptides, which are subse-
quently taken up using various peptide transport systems (76,
118). In the cytoplasm, the peptides are further hydrolyzed into
free amino acids by several endopeptidases and aminopepti-
dases (133, 135). The growth of L. delbrueckii subsp. bulgaricus
continues in the third growth phase. At this stage, the peptides
released from milk casein also serve as a source of amino acids
for S. thermophilus, supporting a second exponential growth
phase (31, 179).
Most S. thermophilus strains exhibit few amino acid auxotro-
phies, and the fact that they have fewer nutritional require-
ments than L. delbrueckii subsp. bulgaricus may explain their
preferential growth in milk. Only histidine is required by most
strains, and growth may be enhanced when methionine, pro-
line, glutamic acid, and valine are added to growth media (67,
87). With few exceptions, S. thermophilus strains do not possess
extracellular proteases (31, 67). As a result, the growth of most
S. thermophilus strains, except some highly proteolytic strains,
is strongly stimulated in cocultures with L. delbrueckii subsp.
bulgaricus strains expressing prtB (31, 136).
The mutualistic coexistence of S. thermophilus and L. del-
brueckii subsp. bulgaricus is also based on other interactions,
such as the exchange of several growth-stimulating factors (Fig.
1). S. thermophilus provides L. delbrueckii subsp. bulgaricus
with formic acid, pyruvic acid, folic acid (33), and carbon di-
oxide (43). The positive effects of formic acid and folic acid on
the growth of L. delbrueckii subsp. bulgaricus are related to the
biosynthesis of purines (53). Formic acid is a precursor for
purine synthesis, and L. delbrueckii subsp. bulgaricus lacks a
pyruvate-formate lyase, which may explain why it relies on
other sources for formate (32). Pyruvate-formate lyase is a
highly abundant protein in S. thermophilus grown in milk, in-
dicating that S. thermophilus may supply L. delbrueckii subsp.
bulgaricus with formate during cocultivation (37). Folic acid is
involved as a cofactor in purine and amino acid biosynthesis
(149, 168) and was shown to be excreted by S. thermophilus and
consumed by L. delbrueckii subsp. bulgaricus (33). Genome
sequence analysis of L. delbrueckii subsp. bulgaricus strain
ATCC 11842 has shown the absence of a biosynthetic pathway
for para-aminobenzoic acid, and therefore, the biosynthetic
pathway for folate in this strain is incomplete (163). S. ther-
mophilus is capable of producing both para-aminobenzoic acid
and folate, and hence, L. delbrueckii subsp. bulgaricus may
benefit from elevated levels of either compound. A recent
report on L. lactis shows the involvement of folate in the
stimulation of a proteinase-positive strain by a proteinase-
negative strain (121). Carbon dioxide is a precursor for the
synthesis of aspartate (128, 166), glutamate (100), arginine,
and nucleotides (17). In heat-treated milk, carbon dioxide lev-
els may be too low for L. delbrueckii subsp. bulgaricus (43), and
therefore, it profits from the carbon dioxide released by S.
thermophilus from the urea that is present in milk. In addition,
the urea catabolism plays a role in the synthesis of aspartate
and glutamine, both essential amino acids (5, 104).
Yet other compounds may contribute to the mutualistic in-
teraction between the yogurt LAB. For instance, Partanen et
al. (116) reported that several long-chain fatty acids are stim-
ulatory to L. delbrueckii subsp. bulgaricus. This is probably due
to the fact that L. delbrueckii subsp. bulgaricus lacks part of the
biosynthetic machinery required for de novo synthesis of long-
chain unsaturated fatty acids, and one may speculate that S.
thermophilus is also able to supply L. delbrueckii subsp. bulgari-
cus with long-chain fatty acids. In the recent paper describing
the genome sequence of L. delbrueckii subsp. bulgaricus ATCC
11842, Van de Guchte et al. hypothesized that ornithine and
putrescine may be produced by S. thermophilus and L. del-
brueckii subsp. bulgaricus, respectively, and that the exchange
of these metabolites mutually increases their resistance to ox-
idative stress (130, 163). Ornithine is involved in the metabo-
lism of urea, and putrescine turns S-adenosyl methionine into
spermine via the intermediate spermidine. Spermine and sper-
midine are involved in the stabilization of DNA and DNA
replication, respectively.
Growth-detrimental interactions have also been reported.
Reddy and Shahani (127) reported that some strains of L.
delbrueckii subsp. bulgaricus produce the bacteriocin bulgari-
can that inhibits the growth of S. thermophilus (117). More-
over, some S. thermophilus strains were reported to produce
peptide bacteriocins (71). Of the seven strains of L. delbrueckii
subsp. bulgaricus tested, one was inhibited by this peptide.
A key sensory attribute that is introduced with fermentation
during yogurt production is its texture. Due to acidification by
LAB, proteins coagulate and thereby change the viscosity of
the milk. Furthermore, the bacteria, and mainly S. thermophi-
lus, produce EPS that form a matrix with the milk proteins,
resulting in the final yogurt structure. In kefir, kefiran produc-
tion by LAB is stimulated by the presence of yeasts induced via
direct physical contact (26). Similarly, the interactions between
the yogurt strains may influence EPS production, for instance,
by increasing the availability of nitrogen sources or by inter-
acting with non-EPS-producing S. thermophilus strains (40,
177). In general, the associations of yeasts and LAB are of key
importance for a broad range of fermented foods. However,
surprisingly, little information is available about molecular-
interaction mechanisms (165).
FIG. 1. Schematic representation of the validated and hypothe-
sized interactions that occur between Streptococcus thermophilus, Lac-
tobacillus delbrueckii subsp. bulgaricus, their environment, and the
compounds relevant for yogurt characteristics. , positive interactions;
, negative interactions; ●, interactions that do not specifically pro-
mote or decrease the growth of the other species. LCFA, long-chain
fatty acids. See text for references.
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QUORUM SENSING AND PHYSICAL INTERACTIONS
Besides the interactions mentioned so far, microorganisms
may produce diffusible chemicals for the purpose of commu-
nication. This includes a process referred to as quorum sensing
(QS) that is widely spread among gram-negatives and gram-
positives and allows regulation at the population level of a wide
range of traits, including competence, virulence, and stress
responses (58, 78, 150). Two recent reviews link QS to motility,
EPS production, biofilm formation, and toxin production,
which are all important phenotypes in food fermentation (44,
59). As described previously, lantibiotics may play an impor-
tant role in mixed-culture population dynamics, and their pro-
duction is often regulated in a density-dependent way via QS
(125, 129). Nisin production in L. lactis has been studied ex-
tensively, and it has been shown that it acts as an autoinducer.
It regulates its own production at the transcriptional level with
the involvement of a two-component regulatory system (for a
review, see reference 83). More recently, the involvement of
QS in the regulation of EPS production and monospecies bio-
film formation by L. plantarum and Lactobacillus rhamnosus
was reported (85, 147).
Whereas intraspecies communication is quite common,
fewer examples exist of interspecies communication, and most
examples are not related to food microbiology (78). An exam-
ple of chemical communication has been observed in dental
biofilms where Veillonella atypica and Streptococcus gordonii
degrade complex carbohydrates in a way that benefits both
species. V. atypica produces a yet-to-be-identified signal mol-
ecule that induces amylase production in S. gordonii and
thereby increases the degradation rate (45). A QS system that
is present in a major fraction of the bacterial population and
allows interspecies signaling is the luxS system. The LuxS en-
zyme is responsible for the production of a precursor of auto-
inducer 2, a signaling molecule involved in the regulation of
gene expression of, for instance, virulence factors, competence
for genetic transformation, the production of antibiotics and
secondary metabolites, and biofilm formation (36, 176). In
cocultures of the hyperthermophiles Thermotoga maritima and
Methanococcus jannaschii, growth and EPS production of the
former was stimulated by the presence of the latter. Addition-
ally, a QS signaling peptide in T. maritima was upregulated. It
was shown that EPS expression was enhanced in the presence
of this signaling peptide (72). Similar processes may also play
an important role in biofilm formation in mixed-culture food
fermentations.
An example of interspecies communication via QS among
LAB is represented by L. plantarum NC8, in which not only
plantaricin itself but also plantaricin-like peptides produced by
other gram-positive bacteria were shown to induce the produc-
tion of plantaricin by L. plantarum (96, 97).
Microbes may also interact with and influence each others’
metabolism via physical contact, and a few examples of such
interactions have been described for mixed-culture food fer-
mentations. Cheirsilp et al. demonstrated that the production
of the capsular EPS kefiran was enhanced by physical contact
between Lactobacillus kefiranofaciens and S. cerevisiae (26).
The molecular basis of this effect remains to be established. It
was postulated that the bacteria and yeasts may benefit from
the enhanced kefiran production through interactions that oc-
cur in the kefir granules where interspecies contact or the
exchange of growth factors is facilitated through physical con-
tact.
GENOMICS APPROACHES FOR MIXED-
CULTURE RESEARCH
The genomic revolution has opened new avenues for re-
search on mixed cultures, for an increasing number of relevant
genome sequences for LAB are available (90, 93). In several
genomes for LAB, among which L. plantarum (84), S. ther-
mophilus (15), and Lactobacillus salivarius subsp. salivarius (27)
are included, there is evidence for horizontal gene transfer,
and interestingly, the acquired sequences appear in many cases
to originate from species that frequently coexist and interact.
In the genome of L. delbrueckii subsp. bulgaricus ATCC 11842,
a region with a GC content of 38% and carrying an operon
encoding an ABC transporter that could serve as an uptake
transporter for putrescine and/or spermidine was found and
proposed to be involved in the interactions between S. ther-
mophilus and L. delbrueckii subsp. bulgaricus (163). This GC
content is significantly lower than the average value of 49.7%
observed for the entire genome. Interestingly, this locus has
only been found in a few bacterial genomes, whereas it is not
even present in the genome of another L. delbrueckii subsp.
bulgaricus strain, ATCC BAA-365 (93), indicating that it may
have been acquired recently via horizontal gene transfer (163).
Only a limited number of studies is available where genom-
ics approaches are used to study the interactions in mixed-
culture food fermentations. Such studies pose at least two
technical challenges that need to be addressed. The first relates
to the complexity of most food fermentation substrates. The
physicochemical composition and especially the high protein
or fat content may interfere with experimental procedures for
RNA and protein isolation that work well with laboratory
media. A number of studies have appeared that describe suc-
cessful transcriptome or proteome analyses on samples from
fermented substrates and even from highly complex materials
such as fecal samples (81, 178). Most studies of dairy fermen-
tations use skim milk, in which the precipitation of casein may
be prevented by pretreatment with sodium citrate (126, 139).
These studies have revealed several previously undescribed
metabolic adaptations upon growth in milk, such as the induc-
tion of pyruvate-formate lyase in S. thermophilus that may
serve as the supply of formate required for the biosynthesis of
purine bases or other anabolic processes (37) (Fig. 1). A recent
study deals with the transcriptome analysis of L. lactis grown in
milk in coculture with S. cerevisiae (98). Although no difference
in growth was observed between the coculture and a L. lactis
mono culture, a number of genes were differentially expressed,
in particular genes involved in pyrimidine metabolism. Several
other regulatory responses could be assigned to the ethanol
produced by the yeast.
The potential of using functional genomics approaches for
analyzing interactions is well illustrated by recent studies de-
scribing the genome-wide analysis of interactions of commen-
sal or pathogenic microbes with their hosts. With the availabil-
ity of microarray platforms for several plant species and soil
bacteria, it is possible to elucidate the responses of both the
host and the microorganism upon interaction as exemplified by
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the induction of defense proteins in Arabidopsis thaliana by
Agrobacterium tumefaciens (42). Host-microbe interactions in
the gastrointestinal tract are of crucial importance for human
health. The overwhelming complexity of this system with re-
spect to composition and activity of the microbiota as well as its
heterogeneity and poor accessibility to sampling requires in-
ventive research approaches. The use of germfree animal mod-
els has greatly facilitated analysis of the genome-wide re-
sponses of microorganisms as well as hosts upon colonization
(18, 134). Other studies report the in vivo time and spatial
resolution of the expression of genes specifically expressed in
the gastrointestinal tract in the model probiotic L. plantarum
(19). Recently, Sonnenburg et al. have extended these ap-
proaches in a study where they cocolonized germfree mice with
Bacteroides thetaiotaomicron, a prominent component of the
adult gut microbiota, and Bifidobacterium longum, a frequently
used probiotic microorganism. The results showed that cocolo-
nization prompted B. thetaiotaomicron to increase the expres-
sion of genes involved in the acquisition and metabolism of
polysaccharides (141).
Most of the studies described above relate to the perfor-
mance of the interactions of microbes in simplified model
systems or defined systems composed of a limited microbial
complexity. Recent advances in the field of metagenomics pro-
vide a radically new approach for very complex ecosystems as
well as for ecosystems dominated by a moderate number of
species and strains (162, 164). Random sequencing of environ-
mental samples supplies information on the (amount of) spe-
cies present in an environment, including uncultured microor-
ganisms, as well as information on known and previously
unknown genes that occur in that environment. By comparing
habitat-specific fingerprints of genes present in various known
environments, it is possible to interpret other environments.
Tringe et al. (160) clustered similar environmental samples
together and found only a few genes specific for a certain
environment. Based on relative abundance, it was clear that
systems for the transport of ions and inorganic compounds,
energy production, and (interspecies) communication were
most discriminative between samples from the Sargasso Sea,
deep-sea whale falls, and farm soil. Currently, various groups
are sequencing the metagenomes of gut and oral microbiota
(http://www.genomesonline.org/gold.cgi?wantMetagenomes),
which will undoubtedly boost research on dynamics and interac-
tions within these complex microbial populations and support the
development of prebiotics and probiotics.
DESCRIPTIVE AND PREDICTIVE MODELING IN THE
GENOMICS ERA
Modeling has played an important role in food microbiol-
ogy, and an extensive review describing different modeling
categories has been published recently (156). Historically, most
of these studies aim at developing predictive models for the
growth of desired or undesired microorganisms in the food
matrix. As the demand for minimally processed foods in-
creases, the risk of the outgrowth of spoilage or pathogenic
microbes rises. Accurate empirical models are of great value as
they assist in the definition of processing conditions minimizing
the risk of growth of these bacteria such as Bacillus cereus,
lactobacilli, or E. coli (95, 101, 122). Similarly, Sodini et al.
used black-box modeling for predicting the acidification of
mixed cultures of S. thermophilus and L. delbrueckii subsp.
bulgaricus and quantifying the interactions between the two
species (140). In another example, growth dynamics in a mixed
yeast culture of killer and sensitive strains was reported (123).
Here, the lethal action of the killer strain showed a lag phase
probably due to the necessary accumulation of the toxin before
it reached a lethal dose. The existing model was adapted for
this effect.
Despite the value of such models in process optimization,
their predictive value is often limited to specific substrates and
conditions, and they do not provide additional mechanistic
insights such as interaction effects. Other modeling strategies
aim at predicting the performances of microbes in fermenta-
tions on the basis of their metabolic pathways and networks.
Such “white-box” or mechanistic models have been success-
fully applied for the optimization of industrial fermentations,
including food ingredients such as lactic acid and amino acids
(8, 138). To our knowledge, there are no examples of the
integration of interaction effects in such models to the level
where they can be used to predict the performance of mixed-
culture fermentations. However, Gregory et al. developed a
computing system that allows the modeling of interactions and
evolution in bacterial communities (60, 61). This model in-
cludes several aspects, such as growth stimulatory interactions,
antibiotic sensitivity, the occurrence of antibiotic-resistant mu-
tants, and growth on nutrients derived from killed cells, in one
model.
With the emergence of genomics, a radically different mod-
eling approach has drawn increasing attention (reference 156
and references therein). Here, genome-scale metabolic models
are constructed that allow a systematic exploration of meta-
bolic capacities, and a number of such models have appeared
in recent years for important microbes in mixed-culture food
fermentations like L. plantarum and L. lactis (112, 157). These
may serve as references for future metabolic models, thereby
accelerating the process of model construction (110). A ge-
nome-scale metabolic model and associated constraint-based
modeling techniques were used to analyze the physiology of
the growth of L. plantarum in a complex medium revealing the
importance of amino acid catabolic pathways previously not
associated with free-energy metabolism (158). With respect to
mixed-culture fermentations, it will be interesting to see
whether it is possible to connect genome-scale metabolic mod-
els of the individual components of mixed cultures through a
limited number of interactions. Such multigenome scale mod-
els should be effective tools for the optimization of mixed-
culture performance with respect to growth and metabolite
production.
CONCLUSIONS AND FUTURE PROSPECTS
Mixed-culture food fermentations are of primary economic
importance. The performance of such cultures, consisting of
LAB, yeasts, and/or filamentous fungi, is not the simple result
of “adding up” the individual single-strain functionalities but is
largely determined by interactions at the level of substrates, the
exchange of metabolites and growth factors or inhibiting com-
pounds.
Technological breakthroughs in the postgenomic era open
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up new avenues to study microbial communities and interac-
tion networks beyond simple descriptive models. These are
now mainly applied to ecological studies of highly complex
systems, such as the gastrointestinal tract or complex environ-
mental ecosystems. On the other hand, studies aiming at un-
derstanding the more fundamental ecological principles under-
lying the success of evolutionary strategies typically make use
of more artificial laboratory strains and ecosystems (79, 120).
Food fermentations may provide a valuable alternative model
with a high practical relevance. They typically have moderate
microbial complexity and offer excellent possibilities for pro-
cess control. Moreover, the availability of advanced genomics
and genetic tools will allow the integration of mechanistic and
evolutionary approaches (171).
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